UV and an increased risk of cancer (reviewed in de Boer bility (Frei and Gasser, 2000). These examples support and Hoeijmakers, 2000)
. These specific genetic defects the principle that irregularities during DNA replication in DNA surveillance illustrate that increasing the rate of can generate substrates for recombination and give rise a particular form of genomic instability can contribute to gross chromosomal aberrations. In tumor cells, which to the development of a tumor. However, the underlying usually evolve in the absence of external sources of DNA damage, an enhanced rate of chromosomal instability causes of the more dramatic gross chromosomal abercould thus be accounted for by either increased formarations that predominate in human cancers are less tion of DNA strand breaks due to an endogenous DNA clear. An important question is whether the same princimetabolic defect or enhanced irregular repair of strand ple applies, i.e., can connections be established bebreaks that arise during DNA synthesis or excision tween defined genetic defects that alter the rate of chrorepair. mosomal aberrations and accelerated development of Irregular repair of a DNA strand break can be defined tumors? Perhaps the most convincing argument to date as the events that occur when its allocation to the approin favor of a genetic instability hypothesis is the karyopriate repair pathway fails. DNA damage because of a mutation inactivating homologous recombination, the cell can try to repair the damage through checkpoints controlled by RAD9, RAD17, and RAD24 appear to contribute only marginally to chromosomal alternative pathways (i.e., nonhomologous endjoining or telomere addition) which, in this particular physiological stability in this assay, and mitotic checkpoint deficient bub3 and mad3 mutants did not show any effect at all. context, are inappropriate and more error prone. Similarly, if the DSB arises unnoticed because of a failure in RFC5 encodes a subunit of the replication factor C that functions as a PCNA loader during DNA replication damage signaling, the cell passes on to later stages of the cell cycle where the option of repair by sister and has also been implicated in signaling of replication associated DNA damage. MEC1 encodes a member of chromatid recombination may be lost. However, if the cell is to survive, the DSB must be repaired. Homologous the subfamily of phospho-inositide kinase type protein kinases (PI(3)K) that also includes the human ataxia telrecombination between non-sister chromatids or ectopic regions would risk loss of heterozygosity or the angiectasia mutated (ATM) and ATR proteins. It acts as a signal transducer in response to DNA damage and formation of chromosomal translocations. Nonhomologous end joining would increase the chance of chromophosphorylates a number of downstream signaling factors such as Ddc2, Rad53p, and Chk1p. Therefore, the somal end-to-end ligation or of losing DNA sequence information, and addition of a new telomere to the brocommon chromosomal instability phenotype of rfc5-1, mec1, ddc2, and dun1 mutants suggests that key comken chromatid would lead to the loss of the fragment distal to the DSB. This is just one possible scenario to ponents of an S phase DNA damage signaling pathway constitute a system for suppression of spontaneous illustrate that "irregular repair" of a DSB can occur not only when the appropriate pathway is nonfunctional, but chromosomal aberrations. However, there are some uncertainties associated with this interpretation of the gealso when the cellular DNA damage response is faulty and the correct order of DNA repair and cell cycle pronetic data. For example, Rfc5p is primarily a replication protein. It is therefore unclear whether the increase in gression is disturbed (discussed in Paulovich et al., 1997). The underlying principle of the "irregular repair" chromosomal aberrations in the rfc5-1 mutant is due to a failure in DNA damage sensing or to a defect in DNA idea is depicted in Figure 1 , and leads to the argument that a failure in DNA damage signaling could be as harmreplication that generates DNA lesions. The same applies to other factors discussed in this context, including ful as a specific DNA repair defect, because it allows mutagenic repair of DNA damage while lowering the Pol2p and Dpb11p, which are both essential subunits of DNA polymerase ⑀. Nevertheless, since the chromorate of apoptotic cell death. Consistent with this, most human tumors not only display chromosomal instability somal aberration rates in rfc5-1 mec1 and rfc5-1 dun1 double mutants are not significantly different from those but also miss some checkpoints (reviewed in Hartwell and Kastan, 1994 , 1999) show that the may function in separate but partially redundant pathways for DNA damage signaling. However, the detailed Mre11 complex, but neither homologous recombination nor nonhomologous end-joining, is necessary for chroarchitecture of the relevant signaling pathways involved remains to be resolved. mosome stability. Thus, the role of the Mre11 complex in this context could be more closely associated with The genetic assay used in this study selects for a specific class of chromosomal aberration events: for transmission of DNA damage signals than with a direct engagement in DSB repair processes. This is an attracdeletions of nonessential telomeric regions located on chromosomes V and VII (Chen and Kolodner, 1999). It tive possibility that warrants further investigation. Checkpoint Failure, Chromosomal Instability, may therefore bias an assignment of characteristic patterns of genomic rearrangements to specific DNA damand Cancer To gain insight into the complex network of signal transage signaling defects. Nevertheless, in this particular system, the predominant events caused by mutations duction pathways that monitor the state of DNA and provide for genetic stability, we are forced to use simple in RFC5, MEC1, and DUN1 were deletions associated with simple addition of new telomeres. In tel1 mutants, models that allow for a genetic and molecular dissection of general principles and individual functions. The examhowever, which showed wild-type levels of chromosomal instability, telomere additions were totally supple discussed above illustrates an approach with the yeast model that suggests a connection between an S pressed. TEL1 encodes a Mec1p-related protein and thus belongs to the family of ATM-related protein kiphase checkpoint defect and a specific form of chromosomal instability. This is consistent with previous studies nases. Its primary role is the control of telomere lengths, but it has also been implicated in DNA syndrome, respectively, and, of course, p53. In all of these cases, inactivating mutations cause defects in What does the study tell us about DNA damage signaling? The source of DNA damage must be endogenous DNA damage signaling, give rise to some form of chromosomal instability, and increase the risk of cancer. since the cells were not exposed to DNA-damaging conditions. Also, since the major signaling pathway includes ATM, for instance, is mutated in Ataxia telangiectasia patients (AT) that suffer from an increased incidence the putative S phase-specific DNA damage sensor Rfc5p, the precursor lesion is probably a product of of leukemia and lymphoma. Cells from AT patients are hypersensitive to DSB inducing agents and show in-DNA replication. This is most likely to be DNA ends that arise as a consequence of stalled or collapsed DNA creased chromosomal aberration as well as a failure to induce a DNA damage response. The ATM-mediated replication forks (Haber, 1999). Regarding the relevant signaling endpoint, I think the study provides some inter-DNA damage response consists of phosphorylation of key components of cell cycle checkpoints including p53, esting clues. First, RFC5, MEC1, and DUN1 appear to belong to the same pathway for suppression of chromo-BRCA1, CHK2, and NBS1 (reviewed in Rotman and Shiloh, 1999). The related human protein kinase ATR intersomal aberrations. Unlike Rfc5p and Mec1p, Dun1p is not known to be required for DNA damage-dependent acts functionally with BRCA1 in a manner that suggests parallel action of ATM and ATR to enforce cell cycle S phase arrest. Thus, the cell cycle arrest subroutine of the checkpoint may not be a primary contributor to checkpoints in response to distinct forms of DNA damage (Tibbetts et al., 2000) . In mice, the loss of ATR is chromosomal stability as measured by this assay. Instead, DNA damage signaling might be required for the lethal. Homozygous Atr Ϫ/Ϫ embryos die early in development as a consequence of extensive apoptosis and the regulation of DNA repair activities to coordinate individ-
